Tunnel-injection lasers promise advantages in modulation bandwidth and temperature stability in comparison to conventional laser designs. In this paper, we present results of a microscopic theory for laser properties of tunnel-injection devices and a comparison to a conventional quantumdot laser structure. In general, the modulation bandwidth of semiconductor lasers is affected by the steady-state occupations of electrons and holes via the presence of spectral hole burning. For tunnel-injection lasers with InGaAs quantum dot emitting at the telecom wavelength of 1,55µm, we demonstrate that the absence of spectral hole burning favors this concept over conventional quantum-dot based lasers.
I. INTRODUCTION
Semiconductor laser devices are important components for fiber-optical communication. Requirements for optoelectronic applications include low threshold current, high temperature stability, and large modulation bandwidth. In conventional quantum dot (QD) laser devices, the pump process generates carriers in delocalized states, while the QD ground state is used for the carrier recombination into the laser mode.
Tunnel injection devices have been proposed to enhance both temperature stability and modulation properties [1] [2] [3] [4] . The latter are limited by hot carrier effects, a problem that the tunnel injection scheme is designed to overcome by feeding cold carriers from an injector well (IW) directly to the optically active QD states 1, 2 . This concept has been demonstrated for QDs 1,4,5 as well as for quantum well systems 6, 7 . In recent experiments with devices utilizing the TI scheme improvements of GaAs-QD based high-power lasers 5 and ultra-fast gain recovery 8 have been achieved. Despite these successes, open questions remain regarding the design requirements. To which extent needs the LO-phonon resonance to be considered in the level alignment? What is the role of non-equilibrium carrier effects? What are suitable designs to suppress hot carrier effects? To address these points we provide a theoretical analysis that connects the electronic states and carrier scattering processes on one hand and the resulting laser properties such as temperature stability and modulation bandwidth on the other hand.
In an earlier publication 9 , we discussed the physics of carrier scattering in tunnel injection structures. When the design leads to hybridized states between IW and QD, this significantly enhances the carrier capture into the laser levels. In this work, we analyze the laser properties of TI devices on a microscopic footing and discuss the advantages of the TI design. On a general level it is known 10,11 that the temperature dependence of the laser threshold is influenced by the temperature dependence of the carrier scattering. We show for the TI system that the carrier scattering is rather insensitive to temperature in the investigated parameter range, which in turn improves the temperature stability of the laser emission. improves temperature stability in a similar manner to pdoping of conventional QD laser structures 12 . We find that a main limiting factor of the small signal modulation bandwidth is spectral hole burning, that leads to a strongly nonlinear gain. In TI devices this spectral hole burning is largely suppressed, as the carrier dynamics is fast enough to ensure sufficient carrier supply into the optically active states due to the high density of states in the IW and the efficient hybridization of IW and QD states. The latter provides enhanced carrier scattering to sustain a quasi-equilibrium situation, even under laser operation conditions.
II. RESULTS
To assess the advantages of TI lasers, we perform a comparison to a conventional QD-based laser design in the form of a dot-in-a-well (DWELL) structure. As shown in previous work 9 , the design of the QDs can affect the hybridization strength and hence the efficiency of carrier scattering. Therefore two different QD geometries for the TI devices are considered, one with moderate (16x24nm) and one with near-optimal (16x32nm) hybridization strength. These geometries are within the size distribution recently found in HRTEM investigations of TI-QD laser devices 13 . For the comparison, we ensure that both TI and DWELL structures operate at the same emission wavelength (1550nm) and closely resemble devices currently under experimental investigation.
As described in the supporting information, the corresponding band-structures are shown in Fig. 1 , obtained from k · p theory using the nextnano 3 package 14 . The band-bending near the QD and IW results from the included strain field. The small edge of the potential next to the QD represents to the wetting layer, which, however, carries no bound states due to its small thickness. For details of our theoretical model we refer to the supporting information. In Fig. 2(a) input-output characteristics for DWELL and TI structures are shown. To focus our comparison on the changes inherent to the TI design, we use the same non-radiative decay rate in both systems. Under this assumption, we find a factor of 2 lower threshold current for the DWELL device. For our comparison, the excited carrier population of the TI well is somewhat larger than that of the DWELL continuum states as a result of the energetic distance to the QD laser levels. Assuming the same non-radiative rate, this introduces stronger non radiative losses for the TI structure. We emphasize that this outcome is specific for this type of comparison. In general, the actual non-radiative losses in particular devices have a stronger influence than the differences between TI and DWELL.
In Fig. 2(b) the temperature dependence of the threshold current is analyzed. The T 0 values stem from a fit with the exponential dependence I th (T ) = I 0 exp T T0 and are in good agreement with those found experimentally for TI devices 3, 4 . Both TI devices clearly show superior temperature stability compared to the DWELL device. The carrier scattering via the hybridized state 9 in the TI structure is much less temperature sensitive than in the DWELL structure, where the relaxation into the lasing state occurs via a cascade (process 2 in Fig  1 (b) ). We also find that the temperature stability of the TI device with near-optimal hybridization conditions (16x32nm) surpasses that of the TI laser with moderate hybridization (16x24nm) Additionally, similar to the discussion in Ref.
12 , the temperature changes of the gain in high-population scenarios are reduced. and hole (bottom row) populations for the current with the maximum 3dB frequency for the DWELL structure (left column), the 16x24nm TI structure (middle column) and the 16x32nm TI structure (right column). The solid lines denote the occupation function of the continuum of states, while the crosses show the QD occupations. Thermal distributions for the electrons are depicted as guide to the eye by the blue lines.
As a figure of merit for the modulation performance of the laser devices, the 3dB-bandwidth 15 is provided in Fig. 3(a) . Both TI structures clearly outperform the DWELL structure by a factor of 2 for moderate hybridization efficiency (16x24nm) and by a factor of 3 for near-optimal hybridization conditions (16 x 32nm). For all devices, the modulation bandwidth shows a distinct maximum about an order of magnitude above threshold current 16 and is reduced significantly for higher injection currents. To understand this decrease, individual modulation spectra are shown in Fig. 3(b) . For high currents the damping of relaxation oscillations is increased by an increase in carrier scattering rate, leading to a decrease in the 3dB bandwidth. This behavior is analogous to the situation found in QD-based nanolasers 17 .
To analyze the origin of the higher modulation speed of TI structures, we show in Fig. 3(c) the electron and hole occupations for the maximum 3dB frequency of the respective device. In the DWELL structure (left panel) a distinct non-thermal behavior for the electrons due to spectral hole burning is observed. As a result, for the maximum of modulation speed the carrier supply into the lasing state is insufficient. In contrast, for the TI structures the electron populations are much closer to a (3) in Fig. 3(a) . The results are obtained for the 16x32nm TI structure.
quasi-equilibrium situation even in the case with moderate hybridization efficiency (16x24nm). This is caused by the much higher density of states in the IW compared to the DWELL structure, where the optically active state is primarily filled by higher lying QD states. As the hybridization is more efficient and the carrier scattering is faster for the 16x32nm structure, even less deviation from a thermal situation is found and hence the maximum 3dB bandwidth is increased further.
This leads to the following picture. In TI structures, the presence of the besser erklaeren cold IW carrier reservoir, together with fast carrier scattering between hybridized IW-QD states 9 allows for laser operation without significant spectral hole burning. As this reduces the gain nonlinearity, a significant improvement of the small signal modulation properties is obtained. This improvement is influenced by the hybridization efficiency and is therefore sensitive to the QD morphology and IW material composition (cf. Fig. 5 in Ref. 9 ), but not to a tuning to the LO-phonon energy as suggested previously 3 . The optimum of the modulation speed (for a particular device) is reached if the carrier scattering is fast enough to sustain a quasi-equilibrium situation.
In Fig. 4 we analyze the decrease of modulation bandwidth with increasing current further by showing the population functions for QD and IW states at the maximum of the modulation speed and at an elevated current as depicted in Fig. 3(a) by labels (2) and (3), respectively. At the maximum of modulation the carrier distribution for the electrons in the IW is nearly thermal which is indicative of sufficient carrier supply.
For an increased current the populations become nonthermal, as the QD population has a much lower value than the energetically higher lying continuum. This is indicative of pronounced spectral hole burning. As for the DWELL structure (cf. Fig. 3(c) ) this non-thermal population is connected with an increase of gain nonlinearity and a loss of modulation bandwidth. The dip in electron occupation near the IW band edge marks the energy for which the strongest hybridization and hence the most efficient carrier scattering occurs. As before, the non-thermal character leads to a significant degradation of the 3dB bandwidth.
This result also illustrates a deviation from quantum well or bulk laser devices. In the QD-based lasers investigated here, the total carrier density does not clamp with injection currents above the threshold current. While the clamping is observed approximately for the optically active state, the density in the delocalized continuum states continues to rise with increasing injection current. Hence also detrimental effects like non-radiative decay, that depend on the total carrier density rather than on the carrier density within the QD ground state increase above threshold.
III. CONCLUSION
In this work, we have investigated the physical mechanism behind the increased temperature stability and modulation bandwidth of TI-based lasers. We find that the increase in temperature stability is governed by carrier scattering being less temperature dependent in the TI structures compared to the DWELL device. The modulation bandwidth is enhanced in comparison to conventional QD laser devices as the TI scheme is able to provide sufficient carrier supply to sustain a quasi-equilibrium situation without significant spectral hole burning. Our results show that the bandwidth can be increased by designing the QD and IW in a way that hybridization is efficient. We do not find any evidence of a necessity to tune the energy levels to the LO-phonon energy.
